Binding of native cyt c to L-PG micelles leads to a partially unfolded conformation of cyt c. This micelle-bound state has no stable tertiary structure, but remains as a-helical as native cyt c in solution. In contrast, binding of the acid-unfolded cyt c to L-PG micelles induces folding of the polypeptide, resulting in a similar helical state to that originated from the binding of native cyt c to L-PG micelles. Far-ultraviolet~UV! circular dichroism~CD! spectra showed that this common micelle-associated helical state~H L ! has a native-like a-helix content, but is highly expanded without a tightly packed hydrophobic core, as revealed by tryptophan fluorescence, near-UV, and Soret CD spectroscopy. The kinetics of the interaction of native and acid-unfolded cyt c was investigated by stopped-flow tryptophan fluorescence. Formation of H L from the native state requires the disruption of the tightly packed hydrophobic core in the native protein. This micelle-induced unfolding of cyt c occurs at a rate ;0.1 s Ϫ1 , which is remarkably faster in the lipid environment compared with the expected rate of unfolding in solution. Refolding of acid-unfolded cyt c with L-PG micelles involves an early highly helical collapsed state formed during the burst phase~Ͻ3 ms!, and the observed main kinetic event reports on the opening of this early compact intermediate prior to insertion into the lipid micelle.
Cyt c functions in electron transfer on the surface of the inner mitochondrial membrane. The potential involvement of a membranebound form of cyt c in electron transfer has been unclear~Vik et al., 1981; Speck et al., 1983; Gupte & Hackenbrock, 1988; Hildebrandt et al., 1990 ! until the recent work by Cortese et al. 1998 !. This work showed that under physiological conditions, cyt c is found to be in equilibrium between the soluble state and conformations bound to the inner mitochondrial membrane. These membrane-bound species have a destabilized structure compared with the native protein, but retain variable degrees of electron transfer activities, depending on their binding state to the inner mitochondrial membrane. This suggests that membrane-bound forms of cyt c could regulate the activity of electron transfer in vivo.
Cyt c has also been found to play a role in programmed cell death~apoptosis!, in which the release of cyt c from the mitochondrion is required for caspase activation~Liu et al., 1996; Hu et al., 1999!. A recent study by Jemmerson et al.~1999 ! has shown that a membrane-bound form of cyt c has apoptotic activity, suggesting that membrane-associated cyt c might be the relevant factor in caspase activation. Thus, with the increasing evidence for physiological roles of membrane-bound forms of cyt c, both in electron transfer~Cortese et al., 1998! and in apoptosis~Jemmerson et al., 1999!, it is pertinent to investigate the structural and dynamic properties of membrane-bound forms of cyt c.
It has been known that binding of cyt c to negatively charged lipid membranes induces an extensive disruption of the native compact structure of the protein~Muga et al., 1991; Spooner & Watts, 1991; de Jongh et al., 1992; Pinheiro & Watts, 1994; Pinheiro et al., 1997 !. This membrane-bound state lacks many features of its native tertiary structure but remains highly helical. Far-UV CD spectra showed that this partially unfolded state bound to lipid membranes has an a-helix content similar to that of the native protein in solution. Tryptophan fluorescence and heme absorbance kinetics revealed that the disruption of the tightly packed native structure of cyt c is remarkably accelerated on the membrane interface compared with the expected rate of unfolding in solution~Pinheiro et al., 1997!.
In contrast, binding of the unstructured precursor protein, apocyt c, to lipid membranes induces folding of the polypeptide that can generate a partially folded conformation with an a-helix content that resembles that of native cyt c~Jordi de Jongh & de Kruijff, 1990; Rankin et al., 1998 !. The level of lipid-induced secondary structure depends on the lipid system, and this folding process is driven by both electrostatic and hydrophobic lipid- Protein folding and unfolding on the surface of membranes are essential biological processes in protein translocation across membranes, protein assembly, and function. For example, large structural rearrangements are involved in the insertion of bacterial toxins in target cell membranes~van der Goot et al., 1991; Vécsey-Semjén et al., 1997; Zakharov et al., 1998 ! and required for the transfer of various nonpolar ligands, such as retinol and fatty acids, from their carrier proteins to a target cell surface~Bychkova & Ptitsyn, 1993!. In contrast with native stably-folded proteins, which may become destabilized by the interaction with membranes, many peptides and proteins with little or no structure in solution can acquire secondary structure upon binding to lipid membranes. Among those are small toxins~Thieudière et al., 1991; Shai, 1994 !, antimicrobial peptides Maloy & Kari, 1995 !, signal sequences~Gierasch, 1989 !, and apocytochrome c~Jordi et al., 1989 de Jongh & de Kruijff, 1990; Rankin et al., 1998!. Cyt c and its heme-free precursor~apocyt c! are a unique pair with respect to their interaction with lipid membranes. While cyt c partially unfolds upon binding to lipid membranes, apocyt c, which is a random coil in aqueous solution, acquires an a-helical structure upon interaction with lipid membranes. The mechanism by which a tightly folded water-soluble protein becomes associated with a membrane is not completely understood, nor is the folding of an unfolded polypeptide in lipid membranes. It is apparent that the association with the membrane triggers the protein structural changes, but there is very little information available on the nature of the intermediate states involved in folding or unfolding events in lipid membranes. It has been postulated that the membranebound helical conformations of both cyt c and apocyt c might represent a common folded state~de Jongh et al., 1992; Pinheiro, 1994 !. However, a direct comparison of the membrane-induced unfolding and refolding of cyt c is missing, as there are no studies available on refolding of cyt c in lipid membranes.
In the current study, we have characterized the structural properties of both native and acid-unfolded cyt c upon interaction with negatively charged lipid micelles of L-PG. Binding of native cyt c to L-PG micelles leads to a partially unfolded conformation of cyt c. This micelle-bound state has no stable tertiary structure, but remains as a-helical as native cyt c in solution. In contrast, binding of the acid-unfolded cyt c to L-PG micelles induces the folding of the polypeptide and results in a similar helical state to that originated from the binding of native cyt c to L-PG micelles. The kinetics of the interaction of native and acid-unfolded cyt c was investigated by stopped-flow tryptophan fluorescence and their respective unfolding and refolding mechanisms are proposed. The possible biological roles of membrane-associated partially folded states of cyt c in electron transfer and apoptosis are discussed.
Results

Soret absorbance
Absorbance measurements in the Soret region~350-490 nm! report on the spin state of the heme iron. Under native conditions, the heme iron is in a low-spin state with two axial ligands provided from His18 and Met80. A Soret band with a maximum intensity at 410 nm~l max ! is typical of the native state of cyt c, indicative of the presence of both axial ligands. In contrast, during acid unfolding the heme iron is converted to a high-spin state, probably lacking both Met80 and His18 ligation~Babul & Stellwagen, 1972!, which results in a blue shift of the Soret band of about 15 nm. Binding of acid-unfolded cyt c to L-PG micelles results in a shift of the Soret l max from 394 to 403 nm, and binding of native cyt c is accompanied by a shift from 410 to 407 nm~Fig. 1!. The blue shift for the Soret band observed upon binding of native cyt c to L-PG micelles is consistent with disruption of Met80 ligation to the heme iron, as observed for the binding of cyt c to lipid membranes~Pinheiro et al., 1997!. Binding of acid-unfolded cyt c to L-PG micelles results in a spectrum that approaches that of cyt c bound to L-PG micelles originated from the native state. However, the observed differences in l max may arise from nonnative histidine ligation to the heme iron in unfolded cyt c~Colón et al., 1997!.
Equilibrium fluorescence
The fluorescence emission of the single tryptophan at position 59 Trp59! in the polypeptide chain of cyt c was used to monitor conformational changes in the protein upon interaction with L-PG micelles. In the native fold of cyt c, Trp59 is located near the heme group~center-to-center distance Trp59-heme is 9.5 Å; Bushnell et al., 1990 !, which results in an efficient quenching of Trp59 fluorescence~Fig. 2!. Under strong denaturing conditions~4.2 M GuHCl, or pH 2 and low ionic strength!, the fluorescence spectrum has an emission maximum near 350 nm with an intensity ;60% of that of a corresponding aqueous solution of free tryptophan. These changes are consistent with a highly expanded conformation of the polypeptide chain~Tsong, 1974!. Binding of acid-unfolded cyt c to L-PG micelles is accompanied by a blue shift of about 15 nm relative to the emission maximum of acid-unfolded cyt c, and a similar spectrum is also obtained upon binding of native cyt c to L-PG micelles~Fig. 2!.
Circular dichroism
Circular dichroism was used to probe structural changes in cyt c upon the interaction with L-PG micelles. The far-UV CD spectrum of cyt c in aqueous solution~Fig. 3A! is typical of proteins containing mainly a-helical structure. In contrast, acid-unfolded cyt c exhibits a spectrum with a strong negative band near 200 nm, which is characteristic of a disordered polypeptide chain. Binding of native and acid-unfolded cyt c to L-PG micelles results in similar spectra, which show no significant changes in the far-UV CD band at 222 nm when compared with the spectrum of native cyt c in solution~Fig. 3A!. This suggests that the micelle-bound state obtained from acid-unfolded or native protein both have an a-helix content that resembles that of the native cyt c in solution. The changes around 190 and 208 may arise from spectral contributions of other secondary structural components, or may be due to the presence of optically active heme transitions, other than those associated with the amide transitions of the polypeptide chain~Myer, 1968!.
The near-UV CD region~250-330 nm! provides information on the packing of aromatic side chains in the protein. The near-UV CD spectrum of native cyt c in aqueous solution displays two distinct minima at 282 and 288 nm, which have been assigned to the tertiary structural packing of Trp59~Davies et al., 1993!. Binding of native cyt c to L-PG micelles results in the disappearance of these two bands~Fig. 3B!, which is consistent with a disruption of the tight packing of core residues in cyt c upon interaction with the lipid micelles. The spectrum obtained with acid-unfolded cyt c after binding to lipid micelles also did not show the Trp bands. The CD spectrum in the Soret region~350-490 nm! can provide further insight into the integrity of the heme crevice~Myer, 1968!. The optical activity in this region is generated through the coupling of heme p-p* electric dipole transition moments with those of nearby aromatic residues in the protein. The spectrum for cyt c in its native conformation exhibits a strong negative band at about 418 nm due to the Soret-Cotton effect~Fig. 3C!, primarily a result of heme-polypeptide interactions. After binding of native cyt c to L-PG micelles, the Soret CD spectrum is converted to a single positive band with a maximum near 408 nm, identical to that obtained upon binding acid-unfolded cyt c to L-PG micelles. This type of spectrum is also obtained for urea-or acid-denatured cyt c Myer, 1968! and has also been observed for cyt c bound to DOPS vesicles~Pinheiro et al., 1997!. The Soret spectral changes indicate that the coupling between the heme p-p* transitions and those of the aromatic residues nearby have been disrupted upon binding of native cyt c to lipid micelles and that no such interactions are present in the helical state formed from acid-unfolded cyt c.
Kinetics of unfolding and refolding of cyt c upon binding to L-PG micelles
The interaction of native cyt c with L-PG micelles induces a partial unfolding of the tight native structure of cyt c, whereas binding of acid-unfolded cyt c to L-PG micelles results in folding into an a-helical state. Tryptophan fluorescence changes were used to monitor the kinetics of the interaction of both acid-unfolded and native cyt c with L-PG micelles in stopped-flow measurements. Typical kinetic traces for the refolding of acid-unfolded cyt c and unfolding of native cyt c upon interaction with L-PG micelles are shown in Figure 4 .
The interaction of acid-unfolded cyt c~U! with L-PG micelles micelle-induced refolding! comprises four kinetic events. There is an initial decrease in fluorescence during the dead time of the instrument ;2.7 ms~burst phase!. The amplitude of this burst phase~the drop in signal relative to the initial fluorescence level of U! varied from 50-65% of the fluorescence of U, depending on protein and lipid concentration. This is followed by an increase in fluorescence, which is described by three main kinetic phases Table 1 !.~1! A fast phase~k 1 ! accounting for 10-21% of the total observed fluorescence change occurs over 100-400 ms;~2! an intermediate phase~k 2 ! associated with the largest increase in fluorescence~62-80%! occurring over 1-3 s; and~3! a slow phasẽ k 3 ! in which 8-17% of the total fluorescence increase is observed over a time range larger than 30 s.
The interaction of native cyt c~N! with lipid micelles~micelle-induced unfolding! shows no burst phase~Fig. 4! and the increase in fluorescence associated with the partial unfolding and insertion into the lipid micelle is also described by three main kinetic phases Table 2 !.~1! Fast phase~k 1 ! carrying a small fraction of the total observed fluorescence change~Ͻ10%! occurs over a time scale from 200 ms to 1.2 s.~2! An intermediate phase~k 2 ! occurring in Ͻ10 s is associated with the largest change in fluorescence~76-97%!.~3! A slow phase~k 3 ! in which up to 19% of the fluorescence increase occurs over a time range larger than 10 s. This phase becomes negligible for high lipid-to-protein ratios.
The observed kinetics of micelle-induced refolding and unfolding of cyt c are overall similar~Tables 1, 2!, but a close inspection of their kinetic parameters reveals some significant differences. The fast phase~k 1 ! for the micelle-induced refolding reaction occurs in Ͻ0.5 s, whereas unfolding extends from 200 ms to 1.2 s for equivalent lipid and protein concentrations. The relative amplitude associated with this phase~a 1 ! increases from 12 to 21% with increasing protein concentration for refolding~Table 1!, but a 1 represents only ;5% of the total fluorescence increase and is independent of protein concentration for unfolding. The intermediate phase~k 2 !, which for both refolding and unfolding accounts for the largest change in fluorescence, is faster for refolding than for unfolding~Tables 1, 2!.
Discussion
Binding of native and acid-unfolded cyt c to L-PG micelles leads to a common micelle-bound helical state as determined by CD and fluorescence
The fluorescence of the single tryptophan~Trp59! in the compact native structure of cyt c is efficiently quenched due to its close proximity to the heme group~Fig. 2!. Upon unfolding of cyt c, the expanding Trp59-heme distance leads to a large increase in fluorescence~up to ;60% of that of free tryptophan! indicative of an expanded conformation with an average Trp59-heme distance Ͼ35 Å Tsong, 1974; Chan et al., 1997 !. Binding of native or acidunfolded cyt c to L-PG micelles resulted in equivalent spectra, with a l max blue-shifted by ;15 nm relative to the emission maximum of the acid-unfolded state in solution. The fluorescence emission spectra of micelle-bound cyt c, originated from either native Binding of native cyt c to L-PG micelles results in a far-UV CD spectrum with no significant changes around the 222 nm band Fig. 3A !, which suggests that the micelle-associated state has an identical a-helix content to that of the native protein. The acidunfolded state is also converted to an identical helical conformation, which resembles the structure of native cyt c. The near-UV and Soret CD spectra of micelle-bound cyt c, originated either from native or acid-unfolded protein~Fig. 3B,C!, indicate that the resulting helical state associated with L-PG micelles has no compact tertiary structure. Thus, binding of native cyt c to L-PG micelles induces no significant change in the a-helix content of cyt c, but induces the disruption of the tightly packed hydrophobic core characteristic of native cyt c. In contrast, the acid-unfolded protein is folded to a helical state also resembling the a-helical structure of native cyt c. This micelle-bound helical state originated from the acid-unfolded protein has also no indication of any stable packing of aromatic side chains. Thus, binding of either native or acidunfolded cyt c to L-PG micelles results in an identical conformation with native-like a-helical content but without any stable tertiary structure. The structural properties of this micelle-associated helical state of cyt c are identical to the properties previously described Binding of native cyt c to negatively charged micelles of L-PG induced a fluorescence increase during stopped-flow measurements, which is consistent with a partial unfolding of cyt c. The Trp59 stopped-flow results~Table 2! showed three main kinetic events for this micelle-induced unfolding process:~1! a fast phasẽ k 1 ! with a rate ;4 s Ϫ1 , and associated with a small fluorescence change~up to 8% of the total observed fluorescence change!;~2! an intermediate phase with the largest fluorescence change~up to 97% of the total change! occurring at a rate ;0.1 s Ϫ1 ; and~3! a slow phase with a rate ;0.06 s Ϫ1 , probably associated with proteinprotein interactions or lipid rearrangements around cyt c.
The intermediate phase~k 2 !, associated with the largest amplitude~Table 2!, is likely to correspond to the main unfolding structural event. The large increase in fluorescence is consistent with the disruption of the tightly packed hydrophobic core of native cyt c, leading to a partially unfolded state with an expanded Trp59-heme distance. This micelle-induced unfolding occurs at a rate ;0.1 s Ϫ1 , which is much faster than the expected rate of unfolding in solution extrapolated to zero denaturant concentration~5 ϫ 10 Ϫ6 s Ϫ1 at pH 7 and 2 ϫ 10 Ϫ3 s Ϫ1 at pH 5.0; Colón et al., 1996; Sosnick et al., 1996 !, indicating that the lipid environment accelerates the structural unfolding of cyt c. This effect has also been observed for the lipid-induced unfolding of cyt c with negatively charged vesicles of DOPS~Pinheiro et al., 1997!.
A possible mechanism of how a negatively charged lipid membrane can promote protein unfolding has been suggested to involve the local acidic environment in the immediate vicinity of the lipid surface relative to the bulk solution~Prats et al., 1986; Pinheiro et al., 1997!. It is well known that moderately low pH can lead to partially unfolded states of many proteins~for a review see Ptitsyn, 1995!. Interestingly, the rate of the main structural unfolding event of cyt c in DOPS vesicles was found to be ;1.5 s Ϫ1~P inheiro et al., 1997!, which is faster than the corresponding rate for the unfolding of cyt c with L-PG micelles observed in the current study~k 2 ; 0.1 s Ϫ1 , Table 2 !. It is expected that in vesicles the tighter packing of the lipid molecules in bilayers should concentrate more H 3 O ϩ ions near the negative lipid headgroups than around the less tightly packed molecules in a micelle. Thus, the observation of a faster unfolding rate with vesicles than with micelles supports the interpretation that the acceleration of protein unfolding by lipid membranes is in part due to the local low effective pH in the vicinity of the lipid headgroups.
Combining our stopped-flow kinetic results with the wellcharacterized unfolding mechanism of cyt c in solution, we propose a kinetic mechanism for the micelle-induced unfolding of native cyt c illustrated by Equation 1:
In this scheme, N w represents the native state in water; N s depicts a native-like intermediate associated with the surface of the lipid micelle; D i denotes a denatured state associated with the membrane interface ready for insertion; and H L is the final helical micelle-inserted state. Binding of cyt c to the micelles~N w r N s ! is expected to occur within the dead time of the stopped-flow instrument~Ͻ3 ms!. This second-order process is probably diffusioncontrolled and likely to be accelerated by favorable lipid-protein electrostatic interactions between positive residues on the protein surface and the negatively charged lipid headgroups. Because of the efficient quenching of Trp59 in native-like states and compact intermediates~Elöve et al., 1992, 1994!, it is unlikely that the binding event is accompanied by any significant fluorescence changes. This appears to be supported by the absence of a burst phase in the stopped-flow kinetic measurements~Fig. 4!.
In our kinetic scheme~Equation 1!, the main structural unfolding event~k 2 ; 0.1 s Ϫ1 ! is represented by the kinetic step N s r D i , which is expected to be the rate-limiting step. Once the tightly packed core of cyt c is disrupted, hydrophobic residues become exposed and readily available for insertion into the lipid phase.
Rapid mixing of acid-unfolded cyt c with L-PG micelles also resulted in fluorescence increase, but only after a large decreasẽ burst phase! during the dead time of the stopped-flow instrument ;2.7 ms!. A burst phase is always observed in refolding kinetics of cyt c in solution in stopped-flow measurements~Roder et Elöve et al., 1992 Elöve et al., , 1994 Colón et al., 1996 !, which can only be resolved using continuous-flow methods~Chan et al., 1997; Shastry & Roder, 1998 !. This rapid decrease in fluorescence relative to the initial unfolded state corresponds to a significant reduction in the average Trp59-heme distance and coincides with a large gain in helical secondary structure~Elöve et al., 1992!. These findings are consistent with a collapse of the polypeptide chain at the very early stages of folding leading to a compact intermediate with native-like helical structure. The amplitude of the burst phase for the refolding of cyt c in the presence of L-PG micelles corresponds to a drop of 50-65% relative to U w . The burst phase in the refolding of cyt c in solution under similar conditions~Fig. 4! accounts for a drop in fluorescence relative to the acid-unfolded state~U w ! of ;85%. This suggests that binding of acid-unfolded cyt c to the lipid micelles occurs in the dead time of the stoppedflow instrument~as seen for the interaction of native cyt c with lipid membranes! and appears to be accompanied by a large compaction of the polypeptide chain. This is followed by later phases of increasing fluorescence, which report on further protein structural changes in the lipid micelle, that are associated with an increase of Trp59-heme distance. Thus, our results support a kinetic mechanism for the micelle-induced refolding of cyt c represented by Equation 2:
where U w indicates the unfolded state in water, C w0s represents a collapsed state formed in the aqueous phase or in association with
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the micelle surface; I i denotes an intermediate ready for insertion, equivalent to D i~E quation 1! formed during unfolding; and H L is the final helical micelle-inserted state. The large drop in fluorescence during the dead time of the stopped-flow measurements is consistent with the formation of an early collapsed statẽ U w r C w0s !. The fact that the amplitude associated with the burst phase during refolding of cyt c in the presence of L-PG micelles is smaller than that observed for the refolding of cyt c in solution under similar conditions~Fig. 4! suggests that C w0s is likely to represent a mixture of partially collapsed states of protein alone and in association with lipid. The later kinetic phases of increasing fluorescence would then represent the opening of C w0s upon interaction with the lipid micelle leading to less compact states~I i and H L !. Thus, the second kinetic phase~k 2 ! with a rate ;0.6 s Ϫ1 , which is associated with the largest change in fluorescence~62-80%, Table 1 !, is likely to represent the major structural folding event in association with the lipid micelle. In our scheme~Equa-tion 2!, this event is probably associated with the kinetic step C w0s r I i . This phase~k 2 ! resembles the kinetic event reported for the folding of apocyt c in the presence of L-PG micelles with a rate ;1 s Ϫ1 , which has been associated with the unfolding of an early compact intermediate~I C ! into a more extended state prior to insertion into the micelle~Rankin et al., 1999!.
Stopped-flow CD measurements for the refolding of apocyt c Bryson et al., 1999! and acid-unfolded cyt c~data not shown! with L-PG micelles showed that the recovery of the expected ellipticity signal at 225 nm occurred in Ͻ2 ms. These results combined with the highly quenched Trp59 fluorescence suggest that both I C and C w0s are compact intermediates with native-like a-helical structure. The observed kinetic phases of increasing fluorescence are then associated with unfolding of early compact intermediates~both during refolding and unfolding of cyt c with L-PG micelles! leading to more extended helical states inserted into the lipid micelle.
Unfolding of cyt c in solution requires the Met80 ligand to be displaced before the main structural unfolding process can proceed Colón et al., 1996 Colón et al., , 1997 Sauder et al., 1996 !. Soret absorbance kinetics shows a single kinetic process with a rate ;5 s Ϫ1 both for the interaction of native cyt c and acid-unfolded state~data not shown!, which correlates with the first fluorescence phase observed during unfolding and refolding of cyt c with L-PG micelles k 1 ; Tables 1, 2!. Thus, it appears that k 1 is probably associated with a heme deligation step preceding the main structural unfolding~k 2 ! in both the interaction of native and acid-unfolded cyt c with L-PG micelles. In the micelle-induced refolding, k 1 is probably associated with the displacement of nonnative His33 ligation to the heme iron known to be present in the unfolded state and to persist throughout the early phases of folding of cyt c in solution at neutral pH~Colón et al., 1996, 1997!.
The main kinetic event~k 2 ! observed in unfolding~Table 2! and refolding~Table 1! is likely to correspond to the disruption of the hydrophobic core of the compact states N s and C w0s , respectively. These are represented by the kinetic steps N s r D i~E quation 1! and C w0s r I i~E quation 2! for the micelle-induced unfolding and refolding of cyt c, respectively. Both events carry the largest change in fluorescence~a 2 ; Tables 1, 2!. However, a 2 tends to be larger for unfolding~up to 97%; Table 2! than for refolding~up to 80%; Table 1!, with k 2 being slower for unfolding~;0.1 s Ϫ1 ; Table 2 ! than for the refolding reaction~;0.6 s Ϫ1 ; Table 1 !. These observations may indicate structural differences between N s and C w0s . N s is expected to have a more tightly packed hydrophobic core than C w0s and thus likely to unfold slower. If N s is more compact than C w0s , it is also expected that the transition N s r D i would give rise to a larger Trp fluorescence change than C w0s r I i .
In conclusion, the interaction of both native and acid-unfolded state of cyt c with L-PG micelles results in a common micelleassociated helical state H L . Based on the equilibrium spectroscopic data, H L has a native-like a-helix content~Fig. 3A!, but it is a highly expanded state without a tightly packed hydrophobic core as revealed by~1! Trp59 fluorescence~Fig. 2!, which shows a much larger Trp59-heme distance than in the native state;~2! perturbed heme ligation~Fig. 1! and heme environment~Fig. 3C!; and~3! lack of specific native interactions involving Trp59~Fig. 3B!. Formation of H L from the native state of cyt c requires the disruption of the tightly packed native hydrophobic core of cyt c N s r D i , Equation 1! prior to insertion into the lipid phase. This micelle-induced unfolding of cyt c occurs at a rate ;0.1 s Ϫ1 , which is remarkably faster than the expected rate of unfolding in solution. Refolding of acid-unfolded cyt c with L-PG micelles involves an early highly helical collapsed state formed during the burst phase~Ͻ3 ms!, and the observed main kinetic event reports on the opening of this early compact intermediate~C w0s r I i , Equation 2! prior to insertion into the lipid micelle.
Biological implications
The study by Cortese et al.~1998! showed that, under physiological conditions, cyt c is found to be in equilibrium between the soluble state and conformations bound to the inner mitochondrial membrane. The authors suggested that the initial interaction with the membrane results in a surface associated state where cyt c retains a native-like secondary structure with an intrinsic electron transfer activity similar to that of the native soluble protein. A more deeply inserted state into the membrane was also identified and was associated with a reduced a-helix content and increased b-sheet structure under physiological ionic strength. This membraneinserted form has a reduced electron transfer activity than native cyt c in solution or membrane-associated states at low ionic strength. Our current and previous studies~Pinheiro et al., 1997!, and those by de Kruijff and coworkers~Jordi et al., 1989; de Kruijff, 1990!, and Muga et al.~1991 ! have not detected significant changes in the secondary structure of cyt c upon binding to lipid membranes under low ionic strength. However, our studies bring further structural insight into the more native-like membranebound states of cyt c associated with high electron transfer activity reported by Cortese et al.~1998!. Our findings suggest that the active state of cyt c associated with membranes is likely to have a disrupted Met80-heme ligation, expanded Trp59-heme distance, disrupted packing of core side chains and heme crevice, but retains a native-like a-helical structure.
A membrane-bound form of cyt c appears to be relevant to its role in apoptotic cell death~Jemmerson et al., 1999!. This study showed that, in apoptotic and necrotic T hybridoma cells, a monoclonal antibody binds to a region of cyt c around amino acid residue 44, which is located close to the exposed heme crevice. The antibody did not recognise purified native cyt c or cyt c in permeabilized live cells, but recognized cyt c bound to phospholipid vesicles known to induce structural destabilization of native cyt c. Thus, the authors suggested that a membrane-bound conformationally altered form of cyt c might be the relevant form in caspase activation. Our studies support the interpretation that a membrane-triggered opening of the structure of cyt c could expose the domain required for antibody recognition. However, it remains intriguing how a membrane-induced conformational state of the same protein could be involved in electron transfer activity in live cells and have a more sinister role, if released from mitochondria, during apoptotic cell death.
Materials and methods
Materials
Horse heart cyt c~type VI! was purchased from Sigma Chemical Co.~St. Louis, Missouri! and used without further purification. L-PG was acquired from Avanti Polar Lipids, Inc.~Birmingham, Alabama!.
Sample preparation
Aqueous solutions of native cyt c were prepared in 10 mM potassium phosphate buffer at pH 7.0~phosphate buffer!. Protein concentrations were determined spectrophotometrically using a molar extinction coefficient of 2.95 ϫ 10 4 M Ϫ1 cm Ϫ1 at 550 nm and pH 7.0 for the protein reduced with sodium dithionite~Margoliash & Walasek, 1967!.
Acid-unfolded cyt c was prepared by diluting a concentrated H 2 O solution of cyt c into 10 mM HCl, pH 2.0~HCl solution!. To remove any salt contaminants, which prevent the formation of the unfolded state of cyt c, the solution was passed through a fine grade Sephadex G-25 spin column pre-equilibrated with HCl solution.
L-PG micelles were prepared by hydration of the required amounts of lipid with phosphate buffer to produce a stock solution of micelles with an L-PG concentration of 20 mM. The buffer was deoxygenated with nitrogen gas prior to lipid hydration and the lipid suspension was sonicated for 30 min in a water bath sonicator Ultrawave U-400! to ensure a homogeneous micelle size.
Absorbance measurements
Absorbance spectra in the Soret region~350-490 nm! were obtained for samples containing 10 mM cyt c in phosphate buffer and HCl solution, in the absence and presence of L-PG micelles, for lipid concentrations ranging from 1 to 10 mM. All spectra were measured against the appropriate reference~buffer for protein solutions or micelles for lipid0protein samples!. Spectra were recorded at room temperature~;20 8C! on a JASCO V-550 UV0Vis spectrophotometer using cells of 5 mm pathlength.
Equilibrium fluorescence
Fluorescence spectra were obtained for samples containing 10 mM cyt c in phosphate buffer and HCl solution with and without lipid. Lipid concentrations were varied from 1 to 10 mM. The excitation wavelength was 295 nm~4 nm bandpass!, and emission spectra were recorded from 300 to 450 nm~4 nm bandpass!. All spectra were measured at room temperature~;20 8C! on a Perkin-Elmer LS50 spectrometer. Each spectrum was an average of eight scans. Spectra were corrected for backgrounds recorded for corresponding samples without protein~buffer for spectra of protein solutions or lipid micelles for spectra of lipid-protein samples!.
Circular dichroism
CD spectra of far-UV~185-260 nm!, near-UV~255-330 nm!, as well as the Soret region~350-490 nm! were recorded on a JASCO J-715 spectropolarimeter. Spectra were obtained for samples containing 10 to 20 mM cyt c in phosphate buffer and HCl solution, in the absence and presence of varying concentrations of L-PG from 1 to 10 mM. CD spectra of the far-UV region were measured using quartz cells of 1 mm pathlength; for near-UV and Soret regions 5 mm pathlength cells were used. All spectra were corrected for their corresponding backgrounds. The measurements were recorded with a bandwidth of 1.0 nm and a scanning rate of 100 nm0min. Spectral resolution was 0.5 nm0min, and 4~Soret! or 8 far-UV and near-UV! scans were averaged per spectrum. The cell holder was thermostated with a circulating water bath, and all spectra were recorded at 20 6 0.2 8C.
Stopped-flow fluorescence kinetics
Kinetic fluorescence measurements were performed on a Micro Volume Stopped-Flow Reaction Analyser SX.18MV~Applied Photophysics Ltd., Leatherhead, UK!, equipped with a modified T mixer designed by Applied Photophysics, and a 2 ϫ 1 ϫ 10 mm flow cell. A 150 W xenon arc lamp~OSRAM, Germany! and monochromator were used for excitation at 295 nm~4.2 nm bandwidth! along the 10 mm axis of the cell. The fluorescence emission was measured in the 2 mm direction, using a high pass filter with a 320 nm cut-off and an electronic filter with a time constant of 100 ms. All kinetic experiments were performed at 20 6 0.2 8C. Micelleinduced unfolding of cyt c was initiated by mixing five parts of L-PG micelles in phosphate buffer with one part of cyt c in phosphate buffer~5:1, v0v!. Refolding of cyt c driven by lipid micelles was initiated by 5:1~v0v! mixing of L-PG micelles in phosphate buffer with acid-unfolded cyt c in HCl solution~5 parts of lipid to 1 part of protein!. The final pH of mixtures of acid-unfolding cyt c with lipid micelles was 6.8. Final protein concentration varied from 4 to 20 mM and lipid from 1 to 10 mM. The changes in fluorescence emission were monitored over a timescale up to 100 s. The dead time of the stopped-flow instrument operating in 5:1 mixing was 2.5-3.0 ms. One thousand data points were acquired in a logarithmic time base. An average of four kinetic traces was taken per sample. Data acquisition and analysis were carried out using the Applied Photophysics software. The kinetic parameters were obtained by nonlinear least-squares analysis using a minimum number of exponential phases. Kinetic traces were corrected for lipid scattering background~typically a deviation from buffer of no more than 1% of the fluorescence intensity of the unfolded state! and normalized to the fluorescence level of the acid-unfolded state.
